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1.  iNmoDucnoN 


llic  two  KAN-based  liquid  ptopellaius  in  cumsm  use.  LGPi845  and  LGP1846.  are  homogeneous, 
aqueous  mixtures  of  the  sa’ts  hydroxylammonium  nitiaie  (HAN)  and  tiiethanolammonium  nitrate 
(TEAN).  in  such  piopottion  as  to  produce  *^0:  stoichiometry.  LGPi845  was  designed 
volumetrically  tr  contain  11  moteyiiter  total  nitrate  and  its  composition  is.  therefore,  9.63  M  HAN  and 
1.38  M  T'iAN.  The  wat-ir  conieni  of  LGP1845  is  determined  by  its  density  and  is  aj^roximaiely 
16.8  vreighi-p.recnr,  Tl*.  LGP’!8^{6  mixture  has  the  same  KAN:TEAN  ratio  as  LOP1845  but  is 
gravimc^iii^v  fonnulasid  n  20.00  wei^-pctcem  water.  Thus,  both  progellarus  are  mixtures 

of  the  hyd  oxyiammonium  and  trietbai^lam:>^Jum  cation,  the  nitrate  anion,  and  watc .  with  total  ton 
ccncentrmions  of  22.0  moleAiter  for  IXjP’i  and  about  20  J  moIc/Uter  for  LGP1S46.  assuming 

complete  dissociation.  LGP18C6  is  less  energetic  than  LOP1845  because  of  Its  higher  water  coracnL 
Impetus,  calculated  at  a  loading  density  of  0.2  gfmL.  vising  the  BLAKE  thetmochemicoi  code 
(Freedman  1982)  is  948.3  J/g  and  900.7  J/g  for  LGP1845  and  LOP1846.  respectively.  The  water 
concentration  of  the  mixtures  is  only  13.6  and  1S.9  M  and  is  msufilcknt  to  hydrate  all  of  the  ions. 

The  colligative  properties  of  simple  mixtures  centaining  nonirucracting  componcrus  can  be 
predicted  with  reasonable  acoiracy  by  using  partial  molar  quantities.  To  this  extent.  Raouit's  Law 
states  that  the  vapor  pressure  of  solutions  consisting  of  a  non-volatile  solu^  in  a  volatile  solvent  is  the 
product  of  the  vapor  pressure  of  the  pure  soivcm  and  its  mole-fraction  (Glasstonc  1946a).  In  like 
manner,  the  densiiy  of  solutions  can  be  estimated  fion  the  densities  of  their  pure  components.  An 
ideal  solution  b  one  that  sadsflcs  these  partial  molar  relationships. 

TTk  vapor  pressure  of  the  propdJatus  at  temperatures  up  to  at  least  65*  C  is  due  cmirdy  to  the 
vapor  pressure  of  their  wa»cr  componciu  sinoc  HAN  and  TLaN  are  ionic  salts  arel  havo  t»  measurable 
vapor  pressure  in  thb  temperature  range  (Decker  ct  al.  1987)  Thus,  vapor  pressure  data  can  be  used 
to  csimate  the  degree  of  dissociation  of  die  salts  and  the  extent  to  which  the  mixtures  deviate  from 
ideal  behavior.  The  density  of  a  HAN-TEAN-water  mixture  can  be  satisfactorily  estimated  from  the 
densities  of  its  componcrus  (Sasse  19SS;  Sasse  ct  al.  1988)  using  a  senu-empuical  additivity  method 
based  on  a  hard-sphere  density  model.  Although  the  model  accommodates  nonlinear  changes  in  HAN 
density  .vidt  oancermtion.  tt  assume^  that  the  oompotKfUs  do  not  uuera:i  wuh  cadi  other. 
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Tran^ort  piopenies  such  as  viscosity  and  thermM  or  electrical  conductivity  involve  a  departure 
front  equilibrium  whereas  such  coUigarive  {^opeities  as  density  and  vapor  pressure  do  noL  It  is, 
therefore,  possible  to  arrive  at  conclusions  regarding  the  organization  and  suuctuie  of  the  mixtures 
through  use  of  transport  properties  tliat  arc  different  from  the  conclusions  that  would  derive  from 
inieipieiation  of  equilibrium  properties.  Propellant  transpoir  properties  such  as  viscosity  and  electrical 
conductivity  are  so  far  removed  from  the  behavior  typically  exhibited  by  aqueous  solutions  that  the 
Vogel‘Tammann-Fulcher  (VTF)  equation  (Sraedlcy  1980a;  Angell  and  Smitli  1982).  widely  used  to 
describe  the  transport  properties  of  salt  melts,  quite  effectively  expresses  the  observed  effea  of 
temperature  on  the  transport  properties  of  these  mixtures  (Decker  et  aL  1987). 

No  formal  compositiotud  spcdflcaikm  exists,  as  yet.  for  the  propellanis  because  the  effects  of 
variable  HANiTEAN  ratio  and  water  corueru  on  performance  and  stability  axe  not  known  adequ,* 

To  an  even  greater  extent,  the  effects  of  irapuriiies  t>_  properties,  performance,  and  stability  mu; 
understood  in  order  to  properly  limit  their  concciuraiiorc  The  original  basis  for  propellant  surement 
was  essentially  “as  pure  as  possible,"  a  clearly  inadequate,  qualitative  speciftcaiioo  const'nijsd  by 
analytical  capability  and  cosl  This  informal  specification  has  been  reiined  empirically  as  additional 
data  became  available,  but  a  more  complete  undersumding  of  wha  is  an  acceptable  range  of  propellant 
properties  and  how  tliesc  properties  are  aoruroiled  is  needed. 


In  general,  the  classical  equations  used  to  describe  the  properties  of  solutions  ass^rme  that  the 
solute  is  sarrounded  by  solvent  to  a  large  enough  extern  'hat  die  species  arc  completely  isolated  from 
one  another.  This  assumption  loses  validity  as  salute  cooccniration  increases  and  many  concentrated, 
ionic  mixtures  show  cvidecoc  for  the  existence  of  organized  molecular  aggregates  (Kavanau  19641,  if 
the  pfopcUants  contain  such  organized  aggregates  or  dusters,  tiicft  many  of  die  physical  aal  chemical 
properties  exhibited  will  be  oontroUed  or  at  least  stnaigly  influcnocd  by  the  organization  and  .iructurc 
that  exists,  A  model  of  propeUint  molecular  structure  helps  to  understand  and  possibly  predia  tl« 
efibet  of  such  variables  as  temperature,  pressure,  and  the  presence  of  iwpuriiks  and  additives  on 
physical  and  chemical  properties.  bi  addition,  such  models  can  provide  insight  into  reaction  mitiaticn 
mechanisms  and  the  pa^ways  that  migju  be  followed  once  rcaoioo  has  begun. 

Measurement  of  propellant  equilibrium  aod  transport  propenti^  produces  a  mocroscopcc  description 
of  the  mixtures  ha  does  littk  to  clccidate  ^  mtcroscoptc  phenomena  chat  control  the  properties 


observed.  A  more  intensive  evaluation  of  some  of  the  available  data  can  provide  insight  into  the 
microscopic  structure  of  the  mixtures.  The  objective  of  this  report  is  the  analysis  of  i^ysical  and 
chemical  proper^  data  for  the  purpose  of  developing  a  molecular  structure  model.  It  is  hoped  that  the 
modd  will  describe  the  mixtures  to  the  point  that  the  effect  of  a  number  of  variables  will  uecome 
accurately  predictable. 

2.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

Data  pertinent  to  the  developmeru  of  structure  models  are  taken  from  a  variety  of  sources  because 
tlie  data  were  generally  acquired  for  other  purposes.  This  seeming  lack  of  cohesion  is  advantageous  in 
that  data  correlation  from  disparate  sources  enhances  the  applicability  of  the  models  developed. 

2.1  The  Spectra  of  HAN  and  HAN-Water  Mixtures.  Water  and  HAN  are  readily  miscible, 
forming  mixtures  that  remain  homogeneous  liquids  at  room  temperature  over  a  wide  concentration 
range.  The  strong  tendency  of  the  mixtures' to  supercool  amplifies  the  liquid  range  and  a  HAN- water 
mixture  that  is  97  weight-percent  HAN  is  readily  obtained.  Infrared  and  Raman  studies  (Klein  and 
Wong  1987;  Vanderhoff  and  Bunte  1985)  show  extensive  ion-pairing  in  the  mixtures.  The  ion-pair 
begins  to  appear  in  HAN  solutions  as  dilute  as  2  M  and  the  spectrum  of  the  species  shows  only  an 
increase  in  intensity  with  increasing  concentration  (Klein  and  Wong  1987).  The  ion-pair  links  the  OH 
group  hydrogen  of  the  NHjOH^  ion  and  one  of  the  oxygens  of  the  NOJ  ion. 

Crystalline  HAN  is  anhydrous  and  x-ray  diffraction  data  (Rheingold  ct  al.  1987)  show  that 
hydrogen-bonding  is  extensive  throughout  the  crystal  but  is  strongest  between  tl»  OH  group  hydrogen 
of  the  NHjOH*  ion  and  one  of  the  oxygens  of  the  NO,"  ion.  Electron  density  mapping  derived  from  ab 
initio  calculations  also  shows  (Koski,  personnel  communication)  that  the  strongest  hydrogen  bond  is 
the  OH-nitiate  bond.  It  would  thus  appear  that  HAN  forms  a  simple  ion-pair  the  structure  of  wWch  is 
concentration  independent.  A  proposed  structure  for  the  HAN  ion  r^ir  is  shown  in  Figure  1. 

Altiiougli  water  is  present  in  all  cases  except  the  pure  crystal,  it  is  not  included  in  cite  stntctuie 
shown  in  Figure  1  for  clarity  of  presentation.  It  is  understood  that  the  remaining  oxygens  on  the 
nitrate  and  the  hydrogens  on  the  NHj  group  can  take  pan  in  hydrogen-bonding  that  may  or  may  not 
include  water  and  will  be  important  features  of  a  coucenurated  HAN-water  mixture. 
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Figure  1.  The  Structure  of  HAN. 

2.2  Vapor  Pressure.  Vq»r  pressure  data  for  LGP184S  and  LGP1846  cover  the  temperature  range 
•5  to  6S”  C  and  were  obtained  as  pan  of  a  general  compilation  of  propellant  properties  (Decker  et  al. 
1987).  Since  the  vapor  pressure  of  the  propellants  is  due  entirely  to  the  vapor  pressure  of  their  water 
component  (Decker  et  al  1987).  the  data  are  diretaly  comparable  and  are  shown  as  a  function  of 
temperature  in  Figure  2.  An  intere.sting  feature  of  the  Figure  2  data  is  that  the  vapor  pressure  of 
LGP1846  is  only  11%  higher  than  that  of  LGP184S  although  LGP1845  contains  19%  more  water  than 
does  LGP1845. 
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Figure  2.  VaiKir  Pressure  of  Water  and  the  Liquid  Pyonenant;?. 
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The  v^mr  pressure  data  produce  values  for  the  latent  heat  of  vaporlzadoo  of  water  in  LGP1845 
and  LXiP1846  by  using  the  aapeyiO(i<Clausius  equation  (Glasstone  194db). 


dP  L, 
dT  "  T{V,  -  V,) 


where  P  s  pressure  (atm) 

T  s  temperature  (K) 

1^  molar  heat  of  vaporization  (cal/mole) 

Vy  s  molar  vrdume  of  vapor  (mlimole) 

V|  «  molar  volume  of  liquid  mUou^). 

The  values  obtained  are  579.0.  546.8,  and  542.3  caVg  for  pure  water,  LGP1845,  and  LGP1846, 
respectively,  and  the  value  for  pure  water  is  in  excelleiu  agieemem  with  the  accepted  literamre  value 
of  579.5  cal/g  at  79*  C  (T^an  1973).  Latent  hem  of  vaporization  is  a  measure  of  intermolecular 
bonding,  hydtogen-bonding  specifically  in  the  case  of  water.  The  fact  that  the  values  obtained  for  the 
propeliants  are  lower  than  the  iateru  heat  of  vaporization  of  pure  water  would  indicate  that  the  water  in 
LGP1845  or  LGP1846  is  less  strongly  associated  wtdt  itself  than  it  is  in  pure  water.  Although  tlic 
difference  between  the  value  for  water  and  the  piopellanis  is  larger  than  the  uncertainty  of  Ute 
calculation,  the  same  cannot  be  said  for  the  difTerence  between  LCP1S45  and  LGP1846. 

An  ideal  solution  is  one  that  satisfies  Raoult's  Law  and  is  Ulustrated  by  a  dilute  solution  of 
sucrose  in  v/aier.  Since  the  ionic  specks  act  independently  in  very  dilute  solutions  of  a  strong 
electrolyte  such  as  NaCL  Lfowiedge  of  the  concemraiion  of  dissociated  species  is  required  if  Raoult's 
Law  is  to  be  applied  to  sohttions  of  ionic  salts.  In  faa.  the  use  of  Raoult's  Law  is  one  method  for 
estimating  the  extern  of  ionic  dissociation  in  aqueous  solutions  (Friedman  and  Krishman  1973)  and  is 
applicable  to  0.001  M  NaQ.  for  exam^de. 

The  result  obtained  by  dividing  propellant  vapor  pressure  by  the  vapor  pressure  of  pure  water  at 
the  same  temperature  should  be  independent  of  temperature  if  Raoult's  Law  were  applicable  to  the 
propcUam  mixtures  and  the  value  of  (he  constara  obtained  would  indicate  the  degree  of  dissociation  of 
HAN  and  TEAN.  These  vapor  pressure  ratios  were  calculated  end  arc  presented  as  a  function  of 
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Figures.  Propellant:  Water  Vapor  Pressure  Ratios. 

It  is  clear  from  Hgure  3  that  at  least  two  phenomena  are  seen,  one  affecting  the  data  below 
approximately  23*.  and  a  second,  temperature  uidependeiit.  eHect  at  higher  temperature.  The  lower 
temperaP  ’*:  d;  i  show  that  the  propellaiu:  water  vapor  pressure  ratio  increases  as  temperature 
decreases  and  suggests  that  some  process,  not  oonsidered  when  applying  Raoult’s  Law.  is  taking  place. 
The  data  indicate  that  the  rate  of  change  is  hitter  for  LGP1846  dian  for  LGP1845.  Both  this  and  the 
ohsovation  made  earlier  oof.  wning  the  diffciutce  in  vapor  pressure  between  LGP1845  and  LOP1846 
would  indie  te  that  at  least  some  portion  of  the  water  present  is  associuicd  with  HAN  and/or  THAN  in 
a  manner  that  affects  its  vapor  pressure. 
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Raoulfs  Law  can  be  ^.icd  o  die  Figure  3  data  above  25*.  If  the  salts  in  LGPIS45  and 
LGP1840  were  umlistvodaicd.  then  the  oreic  tracihn  of  the  water  present  would  be  0.553  and  0.605. 
If.  on  tnc  other  hand,  the  salts  were  fully  dissociated,  the  comparable  values  would  be  0.382  and 
0.433.  The  degree  of  di‘i‘50ciuiion  of  HAN  TEAN  that  causes  the  vapor  pressure  ratio  to  Ik  1.0  is 
the  value  that  satisfies  RaauU’s  l.aw.  fhe  water  mole  fracf^j  values  required  to  obtain  a  vapor 
pressure  ratio  of  1.0  for  the  date  above  2.'*  arc  0.433  and  0.481,  respectively,  unifying  that  HAN  + 
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lEAN  is  88.2%  dissociated  in  LGP184S  and  90.0%  dissociated  in  LGP1846.  Dissociation  values  in 
this  range  are  usually  obtained  for  very  dilute  electrolyte  solutions  and  do  not  reflect  the  degree  of 
dissociation  that  could  reasonaUy  be  expected  in  the  propellants.  It  is  probable  that  Raoult's  Law  is 
not  applicable  even  at  temperatures  above  IS'*. 

2.3  Density.  Water  is  an  anomalous  liquid  in  that  it  exhibits  a  density  maximum  at  4°  C  and 
negative  thermal  expansion  between  0  and  4"  (Eisenberg  and  Kauzmaim  1964c).  The  anomaly 
disappears  at  higher  pressure  (Bridgman  1912)  and  is  also  affected  by  the  presence  of  solutes 
(Franks  1973).  The  density  of  most  liquids  decreases  monotonically  with  increasing  temperature.  In 
addition,  the  density  of  most  liquids  is  lower  than  their  corresponding  solids.  The  propellants  exhibit 
these  typical  properties,  the  density  of  LGP1845  and  LGP1846  decreasing  lineariy  with  increasing 
temperature  (Messina  et  al.  1984)  over  the  range  -10  to  65“  C.  The  density  of  LGP1345  decreases  at  a 
rate  of  7.1 188  X  KT*  g/mL  per  “C.  The  density  of  LGP1846  is  more  temperature  sensitive  than  is 
LGP1845  since  its  rate  is  -7.1327  X  10“*  gAnL  per  “C.  The  linear  temperature  dependence  indicates 
that  the  HAN-TEAN-water  system  is  well-ordered  and  simply  expands  as  temperature  increases. 

Thus,  the  density  model  (Sasse  1988;  Sasse  et  al.  1988),  that  assumes  a  well-ordered  system, 
accurately  predicts  the  density  of  HAN-TEAN-water  mixtures.  The  addition  of  a  fourth  component, 
especially  one  that  would  reasonably  be  expected  to  disturb  system  order,  could  be  expected  to 
produce  unpredicted  density  changes. 

Nitric  acid  is  a  plausible  impurity  in  the  HA14-bascd  propellants  because  slow  thcnnal 
decomposition  at  atmospheilc  pressure,  the  result  of  propellant  aging  in  storage,  will  produce  the  acid 
and  either  Nj  or  NjO  as  the  only  stable  products.  Mixtures  in  which  Nj  is  a  reaction  product  will  be 
diffcieiu  compositionally  from  those  in  which  NjO  is  produced.  Such  modified  LGP1845  mixtures 
were  prepared  from  HAN.  TBAN,  nitric  acid,  and  water  primarily  to  study  the  effect  of  excess  acid  on 
stability  and  performance  (Klein,  Lcvcriit,  and  Baer,  to  be  published).  The  density  of  the  mixtures 
was  determined  at  20.0“  C  (Klein,  Lcvcriit.  and  Baer,  to  be  published)  and  the  hard-spherc  density 
model  (Sasse  1988;  Sasse  cl  al.  1988)  modified  in  ac<x)ixlanoe  with  published  nitric  acid  density  data 
(Wcast  1981)  assuming  that  die  added  nitric  acid  docs  not  interact  with  die  other  components.  A 
comparison  of  die  appropriate  calculated  and  experimental  density  values  for  these  mixtures  is 
presented  in  Figure  4. 
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Figure  4.  Density  of  HAN-TEAN-Nitric  Acid  Mixtures. 

With  the  exception  of  the  nitric  acid-free  samples,  the  experimentally  determined  values  differ 
from  the  calculated  values  and  indicate  that  the  density  of  the  mixture  is  being  affected  in  a  manner 
not  consiocred  in  the  calculation.  A  large  negative  deviation  from  the  calculated  value  is  observed  at 
low  acid  content  followed  by  a  rather  small  change  in  density  as  the  quantity  of  acid  is  further 
increased.  In  fact,  the  measured  densities  of  mixtures  containing  5%  acid  arc  higher  than  the 
calculated  values.  It  would  appear  that  the  addition  of  acid  converts  Ute  propellants  from  well-ordered 
mixtures  to  ones  that  more  closely  resemble  converuional  aqueous  systems. 

Since  both  vapor  pressure  and  density  do  not  exhibit  the  behavior  expected  of  aqueous  solutions,  it 
would  be  reasonable  to  suggest  that  other  coUigativc  properties  will  also  be  unusual.  The  freezing 
point  of  water  is  depressed  1.855®  per  mole  of  solute  and  the  expeaed  freezing  point  of  LGP1845 
should  therefore  be  between  -36  and  -40.8®  C.  What  is  observed,  in  fact,  is  that  the  propellant  rsraauis 
liquid  to  -90*  C,  at  which  lempcraiurc  it  docs  not  crysialUzc  but  becomes  a  luMuogcncous  glass. 

Boiling  poiiU  elevation  is  not  experimerualiy  determinable  because  the  mixture  uiulcrgocs  thermal 
decomposition  at  approximately  120®.  Osmotic  pressure  has  not  been  determined  but  would  be 
expeaed  by  analogy,  to  be  higher  than  calculated  from  partial  molar  quajuiiies. 
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2.4  The  Acidity  of  HAN  ar^d  TEAN.  The  acidity  of  HAN,  TEAN,  and  their  mixtuies  in  the 
concentration  range  found  in  propellants  can  provide  insigtit  into  the  molecular  structure  of  these 
mixtures.  It  Is  also  a  matter  of  considerable  practical  importance  because  acidity  will  probably 
influence  corrosivity. 

HAN  would  be  expected  to  dissociate  to  the  hydroxylammonium  and  nitrate  ions,  each  of  which 
then  reacting  with  water  as  follows: 


NH3OH-NO3  NHjOH^  +  NOj' 

tl] 

NHjOH*  +  HjO  HjO*  +  NHiOH 

[2] 

NOj"  +  HjO  HNO,  +  OH' 

[3] 

HsO*-*-OH'  2H3O 

[4] 

The  weighted  sum  of  the  reactions  produces  the  concentration  of  species  found  in  solution.  Since  the 
equilibrium  for  Reaction  2  (listed  above)  is  further  to  the  right  than  for  Reaction  3,  a  dilute  HAN 
solution  will  be  acidic.  A  comparable  set  of  reactions  can  be  produced  for  the  dissociation  of  TEAN. 
One  normally  studies  ionic  dissociation  at  concentrations  low  enough  that  complete  solvation  of  the 
ions  that  result  from  dissociation  docs  not  signincantly  lower  the  solvent  concentration.  As  a  lesulc, 
the  ions  arc  completely  surrounded  by  regions  of  unperturbed  solvent  ^md  behave  independenUy  of  one 
another,  producing  results  that,  when  treated  appropriately,  are  independent  of  solute  conccnitmlon. 


lire  dissociation  constant  that  describes  loitlc  dissociation  ot  the  solute  at  r^uiUbdum  is  probably 
the  most  important  of  such  concentration  independent  data.  The  concept  of  acidity  in  concentrated 
solutions  must  be  approached  cautiously  because  it  is  not  an  extensien  of  results  obtained  with  dilute 
solutions.  Tfx:  data  become  oonceruration  dependent  as  solute  concentration  increases  and  the 
concepts  arc  probably  no  longer  applicable  (Dufty  and  Ingram  1981).  An  unambiguous  definition  of 
acidity  in  conamiialcd  solutions  and  methods  to  be  employed  in  order  to  acquire  si^ficant  data  am 
presently  areas  of  active  discussion. 
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The  concentration  of  HAN  and  TEAN  in  propellant  is  usually  detennincd  tiuimetiically.  a 
technique  that  requires  substantial  dilution.  Under  such  conditions,  the  concept  of  dissociation 
constants  is  valid  and  they  are  used  for  data  evaluation.  The  dissociation  constants  of  both  HAN  and 
TEAN  were  determined  in  water  and  in  ethanol  (Marinenko  1987)  and  the  results  obtained  for  HAN 
were  unusual.  Both  triethanolamine  (TEA)  and  hydroxylamine  (HA)  arc  weakly  basic  and  their  nitrate 
salts  are  acidic  as  a  consequence,  the  aqueous  pK,  of  TEAN  and  HAN  being  7.96  and  6.11, 
respectively.  It  is  usual  for  acidic  salts  to  become  more  strongly  acidic  in  less  polar  solvents. 
Dissociation  of  the  salt  into  ions  is  inhibited  by  the  less  polar  solvent,  fewer  of  the  solvated  ions  are 
available  and  the  relative  amount  of  the  free  acid  is  increased  as  a  result.  TEAN  exhibits  the 
properties  expected,  the  pK,  decreasing  from  7.96  to  6.93  when  the  solvent  is  changed  from  water  to 
95%  ethanol  The  pK,  of  HAN,  on  the  other  haiu\  increases  from  6.11  to  6.27  under  the  same 
conditions.  HAN  would  thus  appear  to  become  slightly  less  acidic  in  the  less  polar  solvent.  Although 
the  HAN  data  are  unusual,  they  are  not  unique.  Other  examples  exist  (Fong  and  Gmnwald  1969)  and 
often  require  invocation  of  special  solvation  or  structure  effects  to  account  for  the  unexpected 
behavior. 

Dissociation  of  the  HAN  ion-pair  that  is  shown  in  Figure  1  produces  nitric  acid  ar.d  ammonia 
oxide,  NKj"*"  -O' ,  the  tautomer  of  hydroxylamine.  The  charge  separation  present  in  ammofila  oxide 
would  cause  it  to  be  thermodynamically  less  stable  than  hydroxylamine  and  the  extremely  high 
mobility  of  the  hydronium  ion  in  dilute,  aqueous  solution  causes  the  oxide  to  rapidly  rearrange  to  tlie 
energetically  preferred  hydroxylamine.  Replacement  of  water  as  solvent  with  one  that  inhibits 
ionization,  such  as  95%  ethanol,  would  substantially  reduce  both  mobility  and  concentration  of  Uie 
solvated  hydronium  ion,  thus  increasing  the  iifeUme  and  hence  the  equilibrium  concentration  of  tire 
oxide.  It  can  be  reasoned  that  data  obtained  in  the  less  polar  solvent  should  parallel  results  in  water  at 
very  high  salt  concentration  since  dissodation  wiU  be  inlvibitcd  in  both  cases. 


The  amine  oxides  of  tertiary  alipJiatic  amines  arc  relatively  stable  and  have  been  isolated 
(Smitli  1966).  Comparison  of  Uic  acidity  of  Uie  amine  oxides  wiiir  their  amine  aird  hydroxylamine 
analogs  indicates  that  ^though  the  amine  oxides  arc  less  basic  tlian  amitres.  they  arc  more  basic  Uian 
Uic  appropriate  hydroxylamincs.  Thus,  if  it  assumed  that  the  properties  of  ammonia  oxide  and 
hydroxylamine  parallel  tltosc  of  their  aliphatic  analogs,  ammonia  oxide  would  be  more  basic  titan 
hydroxylamine;  HAN  dissociating  to  ammonia  oxide  and  nitric  add  should  produce  solutions  tlrat  arc 
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less  acidic  than  ones  in  which  HAN  dissociates  to  hydroxylamine.  The  unusual  changes  in  HAN  pK, 
with  changing  solvent  therefore  supports  the  existence  of  the  HAN  ion-pair  and  implies  that  ihis  entity 
could  affect  the  dissociation  of  the  propellants  and  hence  their  acidity.  Although  extrapolation  of 
measurements  matL  dilute  solutions  is  clearly  not  valid,  the  current  status  of  either  molten  salt  or 
concentrated  electrolyte  theory  is  not  yet  sufflciently  developed  to  permit  detenuLiadon  of  propellant 
acidity  with  a  high  degree  of  confidence. 

2.5  Viscosity  and  Electrical  Conductivity.  The  viscosity  of  the  propellants  increases  with 
decreasing  temperature  (Decker  et  al.  1987)  and  increasing  pressure  (Bair,  to  be  published),  LGP1845 
being  more  viscous  than  LGP1846  throughout  the  entire  liquid  range.  Both  propellants  show  less 
variation  in  viscosity  with  temperature  than  is  seen  in  hydraulic  fluids  certified  for  low  temperature  use 
(Knapton  and  Morrison  1985).  The  effect  of  temperature  on  viscosity  has  been  discussed  in  some 
detail  (Decker  et  al.  1987)  and  is  quite  adequately  described  by  the  empirical  Vogel-Tammann-Fulcher 
(VTF)  equation  (Smedley  1980a:  Angell  and  Smith  1982),  one  of  several  developed  to  describe  the 
effea  of  temperature  on  transport  properties.  Applied  to  dynamic  viscosity,  the  VTF  equation  is 

|i  =  aT  *^^exp(-b/a’-T,^l. 


where  p  =  viscosity  (mPa  s) 

T  =  temperature  (K) 
a,  b  =  constants,  and 

Tq  =  the  temperature  at  which  the  function  goes  to  zero. 


The  principle  of  "free  volume,"  a  concept  developed  by  Cc'icn  and  Turnbull  (1959).  gave 
iheorciical  significance  to  T,  and  the  constants.  Briefly,  ibis  concept  asserts  that  when  mass  transport 
occurs  under  the  influence  of  an  applied  force,  molecules  move  into  available  volume  voids,  die 
volume  of  the  liquid  being  the  sum  of  the  volume  of  Uiesc  vmds  (free  volume)  and  die  volume  of 
close  packed  molecules. 

Over  die  -55  to  +d5*  C  tcmpcraiurc  range,  the  values  of  T span  the  interval  0.054  to  0.06S  and 
do  not  affect  results  to  a  signiftcaiu  exteru.  The  equation  used  is 


Inp-T:  A4-B/(T-TJ. 


n 


T,  is  close  to,  but  is  not,  the  glass  transition  tempeiatuie.  The  value  of  T,  is  conceiuiation 
dependent  and  Inp  varies  linearly  with  1/(T  -TJ  when  T,  is  165.4  K  for  LGP1845  and  164.7  K  for 
LGP1846.  Although  these  values  derive  from  data  obtained  at  aimo^ihetic  pressure,  they  are  equally 
applicable  at  pressures  of  469  MPa.  At  any  given  temperature,  Inp  varies  linearly  with  pressure.  The 
VTF  equation  thus  applies  to  LGP184S  over  an  interval  in  which  viscosity  varies  from  3.8  to  380,000 
mPa  s  and  to  LGP1846  over  the  range  3.2  to  100,000  mPa*s.  The  constants  A  and  B  are  pressure 
dependent,  A  decreasing  and  B  increasing  as  pressure  increases.  It  is  most  interesting  that  one  value 
of  Tj  applies  to  a  transport  property  that  varies  over  five  orders  of  magnitude.  Since  the  free  volume 
model  applies  to  the  viscosity  of  the  propellants  over  the  entire  pressure  and  temperature  range 
of  military  interest  and  it  would  be  reasonable  to  interrogate  this  model  regarding  other  transport 
properties. 

The  specific  conductance  of  LGP1845  and  LGP1846  at  20“  C  is  65.5  and  74.7  mS/cm 
(Vanderhoff,  Buntc.  and  Do.Tmoyer  1986).  The  specific  conductance  of  LGP1845  is  lower  at  any 
given  temperature  than  that  of  LOP 1846  and  is  cc’  sistent  with  the  observation  that  the  conductivity  of 
molten  salts  generally  decreases  with  increasing  concentration  (Smedley  1980b).  Specific  conductance 
of  the  propellants  is  about  six  orders  of  magnitude  lower  than  that  of  metallic  conductors  and  is  in  the 
range  typical  of  ionic  conductors.  Conductance  is  comparable  to  that  of  1  weight-percent  hydrochloric 
or  nitric  acid  and  is  lower  than  that  of  saturated  aqueous  solutions  of  1 ;  1  electrolytes  at  Iff  C.  The 
relatively  low  conductance  coupled  with  ver^  ^igh  solute, conccniraiion  would  indicate  that  the  charge 
carrying  ions  are  quite  large  and  of  bmited  mobility.  Comparison  with  molten  salts  at  or  near  their 
melting  points  (KIcmm  1964)  is  difflcuU  because  of  the  laige  temperature  differences  involved.  Sia 
the  VTF  equation  shows  linearity  with  temperature,  a  somewhat  dubious  extrapolation  of  about  200® 
can  be  made  to  permit  comparison  witli  molten  salt  data.  No  actual  comparison  between  propellant 
and  molten  salt  is  possible  because  the  propellant  would  liavc  decomposed  thermally  well  below  the 
molten  salt  temperature.  Electrical  conductivity  data  are  available  for  molten  AgNO,  at  250  and 
300®  C  (Byrne,  Fleming,  and  Wetraore  1952;  Goodwin  and  Mailcy  1906)  and  are  0.S5  and  1.06  S/cm. 
Extrapolation  of  the  LGP1846  data  to  these  temperatures  produces  values  of  0.84  and  0.99  S/cm. 
Agreement  is  reasonably  good  and  further  supports  the  contciuicm  that  tlie  propcllajus  have  the 
transit  properties  of  molten  salts. 
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Since  propellant  propeities  appear  to  be  characteristic  of  molten  salts,  available  data  from  other 
molten  salt  systems  might  be  used  to  predict  qualitatively  the  effect  of  temperature  and  pressure  on 
transit  propeities.  The  rate  of  change  of  transport  properties  decreases  with  increasing  temperature 
and  pressure,  and  conditioit  could  exist  where  these  properties  are  temperature  and  pressure 
independeiu.  Achievement  of  such  conditions  for  the  propellants  is  probably  not  possible  since 
thermal  decomposition  at  about  120°  C  limits  the  upper  temperature  range.  Within  the  experimentally 
possible  temperature  range,  the  propellants  will  'ondergo  glass  transition  and  solidify  at  pressures  that 
are  probably  lower  than  required  for  pressure  independence.  It  is,  however,  reasonable  to  predict  that 
the  rate  of  change  of  trmsport  properties  will  decrease  as  the  propellant  is  taken  from  ambient  storage 
to  the  operating  conditions  found  in  a  liquid  propeilaiU  gun. 

3.  MOLECULAR  STRUCTURE 

A  substantial  body  of  work  has  been  devoted  to  the  development  of  models  for  the  molecular 
structure  of  water  and  dilute  aqueous  solutions  and  the  currcru  status  of  such  models  is  quite  good. 
Molten  .salts  and  concentrated  aqueous  solutions  cannot  be  described  at  the  same  level  of  sophistication 
at  the  prcsem  time.  Although  the  structure  of  HAN  in  concentrated  HAN-water  mix.ures  has  been 
deduced  from  spectral  and  other  data,  no  comparable  data  exist  for  cither  TEAN  or  the  propellaius. 

The  developmcm  of  propellant  structure  models  are  thus  twofold  hampered  and  is  limited  to  possibly 
equivocal  qualitative  descriptions. 


3. 1  The  Stmeture  of  Water  and  Dilute  A_gueous  Solutions.  The  water  molecule  is  polar  and  has  a 
penaantre  dipele  moment.  The  negative  end  of  the  molecule  is  tlie  oxygen  atom  and  the  value  of  the 
dii’iole  momesi  L  that  the  positive  hydrogen  atoms  from  ncigiiboring  water  molecules  are 

sufTidantiy  attracted  to  form  hydrofcn  IxwKfet  (Fiscs'-oerg  aoid  Kauzroatm  1964c).  The  organization 
created  by  this  hydrogen-bond  network  is  quite  extemivt  and  one  r  odd  t/  liquid  water  describes  a 
collection  of  water  molecules  in  fcc-like  clusters  that  show  evidence  of  both  sbon-tangc  and 


long-range  order.  The  region  between  the  dusters  is  occupied  by  essentially  unorganized  water.  1lds 
medd  suctxssfuUy  accounts  for  many  of  the  pirysical  properties  of  this  urutiue  and  anomalous  Huid. 


Wlicij  a  small  quantity  of  an  tome  compound  is  mtroduccd.  it  causes  water  molecules  to  rearrange 
from  their  original  duster  structure  into  new  arrangements  arouisj  the  tons  now  prcsem.  Since 
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orieniatioa  of  the  water  molecules  around  cations  and  anions  will  be  difieient,  at  tyaitf  two  new 
juuctuies  will  have  been  produced  (Murrell  and  Boucher  1982).  When  the  new  airangements  produce 
structures  that  are  better  organized  and  more  ti^y  bound  than  the  ori^nal,  the  added  ions  are 
considered  "structure  making."  If,  on  the  other  hand,  the  new  airangeineni  is  less  organized  than  the 
original,  the  ions  are  considered  "structure  breaking."  It  is  not  only  possible  bu£  probable  tl^  the 
structure-modifying  properties  of  the  cation  and  anion  will  be  different  and  the  overall  effect  observed 
will  be  some  composite  sum  of  the  structures  of  the  various  clusters.  Various  cluster  models  have 
been  developed  and  account  for  many  of  the  properties  of  aqueous  solutions  iivcluding  the  "abnonral" 
properties  such  as  activity  coefneients  that  are  greater'  than  1.0  and  vapor  pressures  that  are  greater 
than  the  partial  molar  pressures  of  components.  The  energies  involved  in  irm-dipote  and  dipole-dipole 
iiueractions  that  are  the  basis  for  duster  fonnation.  are  quite  small  so  that  structures  can  fonn  and 
break  up  easily.  Care  is  required  when  evaluating  these  models  because  the  various  physical 
properties  are  sensitive  to  external  stimuli.  Transport  properties  such  visarsily  and  conductivity, 
require  a  departure  from  equilibrium  and  can  therefore  exhibit  stnicture  effects  that  arc  different  from 
those  seen  with  equilibrium  properties  such  as  density  and  vapo»'  pressure.  Selection  of  an  appropnaic 
physical  property  with  which  to  measure  structure  modifying  effects  iuid  the  sorting  out  of 
contributions  from  the  diffciem  species  present  often  make  evaluations  quite  difficult  (Kavanau  1964). 
Concentrated  solutions  introduce  problems  that  must  be  considered  in  addition  to  those  already  cited. 
Since  solvent  is  no  longer  presence  in  large  excess,  the  nature  of  the  solvated  ion  becomes 
concentration  dependent  The  possible  existence  of  new  iotiic  species,  created  by  the  dose  proximity 
of  solvated  and  partially  solvated  ions  srlds  further  complcxiiy  to  an  already  complex  molecular 
arrangemeru  surd  diminish  the  possibility  that  anything  other  than  a  qualitative,  descriptive  model  will 
be  produced. 

3-2  The  Stfucture  of  H  A.N.  Evaluation  of  the  transport  properties  of  several  low-tcrapcraiure 
molten  salts  containing  water,  such  as  CalNOi]^.  led  to  the  condusioo  (AngeU  and  Bressd  197?)  that 
these  melts  form  an  ionic  continuum  with  no  discrete  stiuauros.  The  small  amount  of  water  present 
appareruiy  ciucrcd  the  inner  hydration  ^rcre  of  the  cation  and  did  not  produce  any  sipificam  change 
in  the  tonic  continuum.  HAN.  witfi  a  mdu,Tg  poim  of  44,5*  C  (Ott  and  Artman  1987).  fits  this 
catcgcry  quite  well,  ft  is  substantially  more  soluble  in  water  than  is  amrtionium  nitrate  and  forms  a 
eutectic  at  76,6  wcight-perccru  HAN.  its  high  solubility  and  low  tndting  point  could  qtgg«^^  the 
cxistetKie  of  an  ionic  cooUnii^  with  water  in  the  uiner  hydration  sphere  of  the  HA*  catioa 
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The  descfip*''>a  of  conccniratcd  HAN-water  mixtures,  derived  firoca  inieipittaiioa  of  the  tnmspott 
properties  of  salt  melts,  would  soem  to  contradict  the  structure  of  the  ion-pair  shown  in  Bgure  1  which 
is  based  on  interpretation  of  spectral  data  and  is  essentially  an  equilibrium  suucture.  The  phase 
diagram  of  the  HAN-waier  system  is  a  simple  eutectic  type  (Ott  and  Artman  1987)  and  indicates  that 
no  well-dedned  hydrate  is  produced  at  any  llAN:water  ratio.  The  ion-pair  proposed  is  anhydrous  and 
offers  no  indication  of  location  or  quantity  of  associated  water.  Whatever  water  is  present  wouL  be 
relegated  to  hydrogen-bonding  with  the  other  nitrate  oxygens  or  hydroxylammouium  nydrogens.  as 
seen  in  the  infrared  spectral  characteristics  assigned  to  those  entities.  The  spectrum  of  the  ion-pair 
changes  only  in  amplitude  as  concentration  increases,  indicating  that  water  plays  little  or  \)o  rote  in 
modifying  the  properties  of  the  ion-pair.  It  sho^dd  be  noted  that  the  hydroxylammonium  hydrogens 
can  also  hydrogen-bond  to  the  nitrate  oxygens  and  thus  compete  with  water.  The  resulting  HAN 
cluster  would  cotuain  some  water  that  is  hydrogen-bonded  to  either  or  both  hydroxylammonium  or 
nitraie  ions  in  addition  to  the  ion-pair  shown  in  Hguie  1.  The  hydrogen-bonding  arrangements  other 
than  the  ion-pair  are  apparently  so  similar  energeucaily  that  they  can  easily  move  from  one  to  another 
creating  a  tlme-averagcd  structure.  This  highly  mobile  HAN  cluster  .structure  would  continue  to  exist 
uruii  sample  temperature  became  tow  enough  to  localize  U>c  bonds  spatially.  Concentrated  HAN 
mixtures  tend  to  supercool  and  do  not  crystaliize  but  instead  form  glasses  at  about  -90”  C.  The 
iemperaiure  required  for  hydrogen-bond  localization  wruld  be  well  below  this  temperature  and  the 
existence  of  a  flickering,  limc-averaged  HAN  cluster  may  explain  the  extremely  large  temperature  and 
concemration  range  over  which  HAN-waicr  mixtures  remain  liquid.  The  departure  from  equilibrium 
required  to  measure  a  transport  property  could  liuroduce  enough  energy  to  rearrange  or  momeiuartiy 
disband  the  cluster  and  it  is  quite  possible  (hat  neither  model  depias  the  'true'*  structure  of  the 
KAN-waicr  system. 


The  effea  of  sotve->:tt  on  the  acidity  of  HAN  (Marinenko  1987)  supports  the  structure  proposed  in 
Bgure  I  and  also  may  serve  to  illustrate  the  relation  of  structure  to  tracuviiy.  The  presence  of  acid 
strongly  influences  the  rcaaiviiy  of  the  propellants  (Klein  and  Sassc  1980).  and  a  favored  HAN 
structure  tha;  influences  its  acidity  would  be  expected  to  exert  some  effect  on  both  (he  course  and  rate 
of  its  reactions  although  a  distinction  between  iif.cmai  acidity  and  the  addition  of  acid  to  the  mixture 
must  be  made.  As  wiU  be  shown  subsequently,  the  addition  of  add  also  modifles  the  structure  of  the 
mixture  and  it  is  possible  that  the  observod  acid  effects  are  exacerbated,  if  not  causoi  by.  these 
structural  changes. 
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3.3  The  Stnictuig  of  the  Propenants.  TEAN,  the  nitrate  sta  of  triethanolamine,  is  a  larger  and 
mote  complex  molecule  than  HAN  and  plays  a  more  complicated  role  in  the  propellant  mixum;.  Both 
inter*  and  iniramc^eculai  hydrogen  bonding  is  observed  since  the  three  OH  groups  in  TEA*  are 
positioned  to  eiuxnnage  both  types  of  bonding.  Evidence  for  the  comiibuUon  of  the  OH  group  to 
intennolecular  hydrogen  bonding  is  apparent  from  the  boiling  poiius  of  the  tertiary  alkyl  amines, 
tticthylamine,  dlethylethanolamire,  ethyldiethanolamine,  and  triethanolamine.  The  boiling  point  of  the 
pure,  anhydrous,  compounds  are  89, 161, 246.  and  34(f  C.  respectively,  increasing  as  the  number  of 
OH  groups  increases.  The  six*membcrsd  ring  compounds  ethyl  arvl  ethanol  morpholine  are  readily 
obtained  as  decomposition  products  of  ethyldiethanolamine  and  triethanolamine  respectively,  and 
provide  evidence  of  uuramolecular  hydrogen  bonding.  In  addition,  the  OH  groups  readiiy  form 
hydrogen  bonds  with  water  in  amine*watsr  mixtures  and  explain  why  water  and  triethanolamine  am 
completely  miscible.  These  tendencies  extend  to  the  nitrate  salts  of  the  amines  and  one  secs,  for 
example,  systematic  changes  in  stoichiometric  aqueous  mixtures  of  HAN-iriethylammonium  nitrate  at 
constant  molarity  with  both  density  and  viscosity  increasing  as  OH  groups  replace  hydrogen  (Decker 
el  al.  1987). 

Neither  spectroscopic  nor  crystallographic  data  arc  available  as  yet  for  TEAN  so  that  the  formation 
of  ton'pairs  or  L,e  type  of  ion-pair  formed  is  conjectural.  Electron  density  maps  ohtaineo  from 
modeling  calculations  using  the  Poiygnef*  molecular  modeling  program,  indicate  that  the  three  OH 
hydrogens  arc  the  most  clearoposUive  sites  of  the  TEA’ion  and  any  water  present  would  preferentially 
hyvirogcn-bos'ul  at  these  locaUons.  The  charge  density  of  the  resuliaia  TEA*-3HjO  ion  is  such  that  no 
panicular  hydrogen  is  strongly  favored  for  ion-pairing  with  NOj  and  a  number  of  ion-paiis  am  equally 
probable.  Whemas  HAN  seems  to  prefer  the  simple  HA*-NO,‘  pair,  TEAN  could  vfdl  form  a  pair 
that  includes  water  suclt  as  TEA^-lijO-NO,' .  an  arrangement  commonly  called  a  soivent-separated 
ion-pair,  in  addition  to  a  pair  involving  the  NH  hydrogen.  In  Uv;  case  of  propellant  mixtures,  it  is  also 
possible  that  one  or  both  cf  the  remaining  oxygens  of  the  nitrate  ion  that  is  part  of  the  HAN  becomes 
involved  in  TEAN  hydrogen-bonding.  Since  the  energy  of  the  OH  hydre^en  bond  is  a  mere  6.7 
kcal/motc  (Etsenbeig  and  Kauxmann  1964a}  compared  with  1 17.8  kcal/rnote,  the  OH  chemical 
energy  (Wagman  ct  ai.  1965).  various  struaurcs  can  co-cxia.  forming  and  bccaidng  up  easily.  The 
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molecular  ratio  of  HAN:TEAN:water  in  LGP1845  is  7:1:10  and  in  LGP1846  is  7:1:12.3.  By  analogy 
with  stmctuies  observed  in  dilute  solutions,  the  propellants  could  consist  of  well  organized 
HAN-TEAN-water  clusters  surrounded  by  regions  of  unstmctured  water. 

The  data  available  provide  support  for  such  a  propellant  structure.  A  cluster  that  consists  only  of 
HAN  and  TEAN  and  is  compositionally  proportional  to  the  HAN-TEAN  ratio  of  the  propellants  would 
have  an  average  molecular  weight  of  884  and  would  be  quite  laige.  The  actual  cluster  would  contain 
some  water,  although  less  than  the  average  composition  of  the  mixmies,  because  some  water  would 
occupy  unstructured  regions  between  clusters.  It  seems  reasonable  to  propose  that  many  such 
molecular  structures  could  coexist  in  HAN-TEAN-water  mixtures  and  it  is  probable  that  some 
statistical  distribution  will  describe  an  average  structure  under  specified  conditions  of  concentration 
and  temperature.  A  fairly  simple  example  of  a  propellant  cluster,  containing  some  of  the 
hydrogen-bonding  features  disv.  ^sed,  is  shown  in  Figure  5. 

The  cluster  shown  contains  only  4  HAN,  1  TEAN,  and  3  water  molecules.  The  3  TEA*  OH 
groups  are  hydrogen-bonded  to  water  to  which  3  HAN  ion-pairs  arc  auached.  The  fourth  HAN  is 
bonded  to  the  TEA*  NH  hydrogen.  The  TEAN  nitrate  ion  is  bonded  to  two  waters.  Additional  HAN 
can  be  readily  incorporated  but  is  not  shown  in  the  Figure.  A  7-HAN,  1-TEAN,  3-water  cluster  has 
been  generated  using  the  Polygraf  modeling  software  mentioned  earlier,  and  optimized  using  the 
molecular  mechanics  tools  available  within  the  software.  The  three-dimensional  structure  is  fairly 
symmetrical  with  a  preponderance  of  the  nitrate  ions  near  the  outer  surface  of  the  cluster. 

A  propellant  cluster  suirounded  by  regions  of  unstructured  water  is  supported  by  the  lowered 
values  for  latent  heat  of  vaporization  of  water  in  LGP1845  and  LGP1846  that  indicate  some  of  the 
watei  in  the  propellant  mixtures  is  less  organized  than  pure  water.  Another  point  to  be  derived  from 
the  vapor  pres.sure  data  involves  the  application  of  Raoult’s  Law.  Implicit  in  Figure  3  is  the 
assumption  that  the  structure  of  water  in  the  propellant  is  the  same  as  its  structure  in  pure  water.  The 
HAN  +  TEAN  dissociation  values  of  88.5%  and  90.2%  in  LGP1845  and  LOP1846.  respectively,  can 
be  compared  with  the  published  values  for  some  common,  strong  electrolytes  and  shown  to  be 
unrealistic  since  0.1  M  solutions  of  HQ  or  KOH,  for  example,  are  only  80%  dissociated  (Hamed  and 
Ehlcrs  1933).  Values  comparable  to  the  calculated  dissociation  of  the  propellants  would  tequite  even 
more  dilute  solutions.  If  this  argument  were  ignored  and  propellant  dissociation  above  25“  accepted  at 
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face  value,  the  data  at  lower  temperatures  would  then  lead  to  the  conclusioo  that  the  propellant 
compounds  are  more  than  100%  dissociated.  The  presence  of  inter<€luster  water  that  is  less  stnictured 
and  hence  more  volatile  than  pure  water  is  thus  supported  by  the  vapor  presscie  data.  The  difference 
in  the  vapor  pressures  of  LGP184S  and  LX}P1846  raises  an  addltfonal  point  The  mere  11%  increase 
in  vapor  pressure  associated  with  the  19%  difference  in  water  contem  between  the  two  propellant 
mixtures  indicates  that  some  portion  of  the  additional  water  is  incorporated  into  the  cluster,  a  structure 
more  organized  than  pure  water,  sufficiently  organized,  in  fact  that  normal  vaporization  is  sui^tessed. 


Figure  5.  A  HAN-TEAN-Watcr  Clu^jicr  Showing  Ure  HAN  Ion-Pair,  the  TEAN  Solvcnt-Scnnratcd. 
Ion-Pair,  and  Hydrogen  Bonding  with  Water. 


As  seen  in  Figure  2.  the  vapor  pressure  of  waicr  and  ihc  propdlants  increases  roonotonicaJly  over 
the  entire  temperature  rartge  under  ctmsidcraiiun,  A  point  that  mus:  be  stressed  regarding  Figure  3  is 
Uui  vapor  pressure  ratios  rather  than  vapor  pressur*!  are  being  discussed.  Changes  in  the  siiucuire 
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of  eltber  the  propeUants  or  of  pure  water  are  each  capable  of  producing  the  effects  shown  in  Hguie  3. 
The  data  below  25*  could  indicate  that  a  larger  fraction  of  the  water  present  is  entering  the 
unstnictured  region  and  that  this  effect  is  more  prominent  in  LGP1846  than  in  LGP1845  or  it  could 
indicate  that  pure  water  is  becoming  more  stmetured.  Sunlit  for  the  increased  stnicture  of  pure 
water  can  be  derived  from  its  isothennal  compressibility  which  decreases  as  water  is  heated  from  0*  C, 
passes  through  a  minimum  at  46*  and  then  increases  (Eisenberg  and  Kauzmann  1964b).  This  is 
another  example  of  the  anomalous  behavior  of  pure  water  and  emphasizes  that  structural  changes  that 
are  taking  place  as  temperature  is  varied.  As  to  the  possibility  that  a  larger  proportion  of  the 
I»opellant  water  is  entering  the  unstnictured  region  at  lower  temperatures,  this  is  quite  reasonable 
simply  because  more  water  is  available.  Ousters  become  more  ordered  and  compact  as  temperature 
decreases  and  less  space  is  available  for  inclusion  of  water  that  must  now  enter  the  unstructured 
iiuer-duster  region.  Although  neither  interpretation  can  be  favored  at  this  time,  the  explanation  that 
invokes  changes  in  the  structure  of  pure  water  seems  intuitively  more  plausible. 

The  density  of  the  propellants  decreases  linearly  with  increasing  temperature  and  supports  and 
amplifies  features  of  the  structure  model.  The  cffca  of  temperature  on  tlie  density  of  pure  water  is 
well  knov .  ^nd  requires  the  development  of  ice-like  clusters  to  explain  the  densi^  maximum  seen  at 
4®  C.  If  propeUants  consist  of  HAN-TEAN-watcr  clusters  surrounded  by  regions  of  unstnictured 
water,  die  density  of  the  organized  aggregates  and  the  unorgtmizcd  regions  separating  the  aggregates 
should  be  different,  the  clusters  being  substoniiaUy  more  dense  Uian  the  unstructiued  water.  The 
measured  density  of  the  propeUant  is  a  weighted  average  of  the  densities  of  the  two  regions.  If  the 
existence  of  HAN-TEAN-watcr  clusters  prevents  formation  of  icc  dusters.  Uien  the  Jensity  of  the  free 
water  component  wUl  change  monotonicaUy  with  tcmpci’aturc.  ice  cluster  fonnation  would  be 
suppressed  if  the  unstructured  regions  were  too  smaU  to  accommodate  the  number  of  water  molecules 
required  to  form  an  icc  duster.  Alicmatdy.  if  the  HAN-TEAN-watcr  cluster  polarized  the 
unstructured  water,  an  explanation  supported  by  Uie  dominance  of  nitrate  ions  at  its  outer  surface,  die 
formation  of  icc  clusters  would  be  Inhibited.  Temperature  variation  should  change  both  the  size  and 
relative  composition  of  the  propclhuU  duster  in  a  gradual  manner,  wliich.  coupled  with  a  monotonic 
diange  in  unstnictured  water,  results  in  (he  observed  linear  variation  of  density  of  the  pure  propeUants 
With  temperature. 
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The  ability  of  the  Cohen  and  TnimbuU  free  volume  model  to  descfibs  the  transport  properties  of 
the  propella>:;is  is  readily  compatible  with  the  structure  proposed.  Mass  would  be  transported  from  a 
^luster  into  an  unstructured  water  region  under  the  influence  of  an  applied  force.  The  existence  of 
volume  voids  in  regions  of  lower  density  is  a  reasonable  assumption  so  that  the  propellant  stmcture 
{Hoposed  and  the  free  volume  model  are  virtually  equivalent  As  temperature  decreases  and/or 
pressure  increases,  these  void  volumes  will  decrease  and  the  energy  required  to  produce  the  transport 
I^enomenon  will  itKiease.  This  is  conqrarable  to  increasing  the  density  of  the  unstnictured  water.  At 
sufficiently  low  temperature  (TJ,  the  density  of  the  water  regions  will  become  comparable  to  that  of 
the  clusters  and  mass  transport  will  cease.  Since  neither  the  clusters  nor  the  regions  of  unstructured 
water  separating  the  clusters  undergo  abrupt  changes  with  varying  temperature  and  pressure,  a 
mcnotonic  change  in  transport  properties  would  be  expected  until  Tg. 

The  addition  of  small  amounts  of  nitric  acid  significantly  affects  the  density  of  the  mixtures  and 
must  therefore  profouiuUy  change  its  structure.  Nitric  acid  in  small  amounts  adds  the  hydronium 
cation,  H)0^  to  the  mixture  withcat  clianging  the  anion  concentraticn  to  any  substantial  extent  The 
acidity  of  the  HAN-bascd  propellants  is  not  due  simply  to  the  presence  of  HjO*  but  is  instead  the 
result  of  complex  salt  dusociaiions  and  tlie  average  hydronium  ion  concenfation  of  LGP1846  is 
probably  quite  small.  A  nitric  acid  concentration  of  0.1  weight-percent  in  pure  water  is  equivalent  to  a 
hydronium  ion  concentration  of  1 X  10'*  M;  its  effect  on  the  hydronium  ion  concentration  of  the 
propellants  is  unknown  but  is  probably  less  than  its  effect  on  pure  water.  Yet,  the  effect  on  density  of 
this  small  change  in  hydronium  ion  concentration  is  considerable. 

If  the  propellants  consist  of  structured  dusters  sunounded  by  unsiruaured  pure  water,  then  die 
hydronium  ion  conccmratlon  of  the  unsmiclured  water  is  less  than  lO  ’  M,  the  acidity  of  pure  water. 
The  addition  of  1.6  X  10'*  M  acid  to  this  region  of  the  propellant  mixture  would  significantly  change 
its  addiiy  and  could  produce  substamial  changes  in  its  structure.  The  properties  of  the  hydronium  ion 
in  dilute  aqueous  solution  are  unusual,  it  being,  among  other  things,  the  most  mobile  of  all  known 
ionic  spedes.  TTic  very  high  mobility  of  HjO*  is  generally  believed  (Eigen  and  DeMacyer  1958)  to  be 
due  to  civarge  tunneling  along  hydrogen-bonded  water  chaisis  and  the  ability  of  the  ion  to  form  and 
stabilize  such  chains  dassifies  it  a  ‘'sirocturc  maker."  One  possible  way  in  wliich  H,0*  could  modify 
the  structure  of  the  propellants  is  by  wganizing  the  tmcr-clustcr  water  into  hydrogen-bonded  water 
diains.  On  the  surface,  one  should  expect  that  organizing  the  unsiruaured  water  would  increase  die 
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density  of  the  mixture.  The  observed  effect  is  more  complex  than  predicted  from  simple  partial  molar 
quantity  considerations.  Replacement  of  a  small  amoum  of  HAN  by  nitric  acid  lowers  density 
substantially  more  than  predicted  but  the  rate  of  change  observed  with  additional  acid  is  less  than 
predicted.  It  is  possible  that  two  competing  effects  are  being  observed.  The  production  of  hydronium 
ion  chains  and  the  lowering  of  unorganized  water  concentration  by  absence  of  a  small  amount  of  acid 
would  shift  the  bound-unbound  water  equilibrium,  tend  to  dismpt  the  dense  HAN-TEAN-water  clusters 
and  produce  a  larger  number  of  new,  smaller  clusters.  Since  these  smaller  clusters  would  be  less 
extensively  organized  than  their  predecessors,  they  would  occupy  a  larger  relative  volume  and 
lower  the  average  density  of  the  mixture.  The  water  chains  created  by  the  hydronium  ion  are 
structures  whose  size  is  affected  by  concentration  and  temperature  as  are  the  HAN-TBAN-water 
clusters.  The  effects  observed,  however,  are  not  necessarily  the  same.  The  hydrogen-bonded  water 
chains  by  the  addition  small  amounts  of  acid  to  the  propellant  mixtures  will  have  some  average  size. 
This  average  size  is  highly  temperature  dependent  (Kamed  and  Robinson  1940)  and,  once  attained, 
will  not  change  very  much.  Additional  acid  will  make  the  chains  somewhat  smaller  but  will  have  a 
relatively  small  effect  on  the  properties  of  the  system.  One  could  therefore  observe  first  a  rapid 
decrease  in  density  as  the  unorganized  water  is  oiganized  into  hydronium  ion  chains  and  the 
HAN-TEAN-water  clusters  are  disrupted  followed  by  a  rather  small  change.  In  fact,  the  increase  in 
density  due  to  information  of  the  hydronium  chains  overcomes  the  decrease  resulting  from  disruption 
of  the  HAN-TEAN-water  clusters  and  at  5%  acid,  the  measured  density  is  higher  than  the  predicted 
value. 

The  new  structures  created  by  the  addition  of  acid  could  be  quite  different  from  the  ones  that  were 
disrupted  and  their  effect  on  the  physical  properties  of  the  propellants,  especially  at  low  tanperatures. 
remains  to  he  determined.  One  might  expect  that  the  observation  of  glass  Uansidons  and  the  inability 
to  observe  crystallization  (Decker  et  al.  1987),  features  of  the  pure  propellants,  would  change  in  acid 
containing  propellant  mixtures  and  that  replacement  of  clusters  with  ones  of  smaller  average  size 
would  affect  the  viscosity  and  conductivity  of  the  mixtures.  Organization  of  the  unsituciuied  water  by 
the  addition  of  acid  could  possibly  reduce  void  volume  (increase  density)  and  thus  inhibit  transport 
phenomena.  The  competing  effects  of  reduced  cluster  size  and  increased  water  organization  make 
predictiem  of  transport  properties  difficult  and  call  for  verification  by  experimental  determination. 
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4.  CONCLUSIONS 


Detailed  evaluation  of  various  physical  data  lead  to  a  number  of  conclusions  regarding  the 
properties  of  the  HAN-based  propellants.  Several  of  these  conclusions  have  practical  implications. 
Specific  conclusions  are: 

1.  HAN.  in  the  concentration  range  found  in  propdlams,  is  an  ion-pair  with  the  structure 
NHjOH^— NOs' .  The  preferred  hydrogen  bond  is  the  one  coupling  the  hydrogen  of  the  OK  group 
to  nitrate. 

2.  The  unusual  behavior  of  HAN  in  solvents  less  polar  than  wate'  is  due  to  the  struemre  of  the 
ion-pair.  This  structure  also  affects  acidity  and  could  influences  reaction  pathways  during 
propellant  reaction  initiation. 

3.  The  propellants  LGP1845  and  LGP1846  consist  of  agglomerates  containing  HAN,  THAN,  and 
water  separated  by  regions  of  unstructured  water.  The  agglomerates  are  highly  structured.  The 
physical  properties  of  the  propcllaius  reflect  the  organization  of  the  agglomerates. 

4.  The  vapor  pressure  of  the  propellants  show  that  the  water  in  the  propcllanis  is  less  organized 
than  pure  water.  A  change  in  either  propellant  or  water  structure  is  seen  at  about  25°  C. 

5.  The  propellants  icorain  homogeneous  liquids  over  the  entire  range  of  temperatures  and 
pressures  expected  in  a  gun  operational  scenario. 

6.  Mass  Uanspoit  in  the  propcllanis  is  adequately  described  by  the  free  volume  model  and  the 
VTF  equation  applies.  Variations  in  viscosity  ctvciing  five  orders  of  magnitude  are  accurately 
accounted  for  with  a  single  value  of  T,  and  attest  to  the  applicability  of  this  treatmem. 


7.  The  presence  of  acid  in  small  amounts  lowers  the  density  of  Uic  mixtures  and  disrupts  the 
stmaure  of  the  propcllaius.  This  finding  has  important  practical  implications  because  proixilant  is 
metered  into  the  liquid  propeUant  gun  by  volume.  Qianges  in  density  affect  volumetric  impetus 
and  thus  affect  gun  performance.  It  is  also  possible  that  small  amounts  of  add  will  change  the 
viscosiiy  and  low  temperature  characteristics  of  the  mixtures. 
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6.  General  Comments.  What  do  you  rhink  should  be  changed  to  improve  future  report.^?  (Indicate 
dianges*^  organization,  technical  content,  formal,  etc.)  _ _ 


Name 


CURRENT  Organizaiion 

ADDRESS  _ _ 

Address 


City.  S:aic.  Zip  Code 

7.  If  indicating  a  Change  of  Address  or  Address  Correction,  please  provide  the  New  or  Correct 
Address  in  Block  6  above  and  the  Old  or  Incorrect  address  below. 


Name 


OLD  Organization 

ADDRESS  _ 

Address 


City.  State,  Zip  Code 


(Remove  this  sheet,  fold -as  indtcaicd.  staple  or  tape  closed,  and  mail.) 


